Abstract
INTRODUCTION
The presence of a single coronary artery (CA) has been reported to be an independent risk factor for early and late mortality after neonatal arterial switch operation (ASO) for transposition of the great arteries (TGA) [1] [2] [3] [4] . Nevertheless, some authors state that the presence of a single CA in TGA is not associated with excessive early mortality and that ASO can be performed safely regardless of the coronary anatomy [5, 6] . The aims of the present study were both to evaluate early and overall mortality and the need for reintervention due to CA stenosis after ASO for TGA and single CA.
MATERIALS AND METHODS

Patient population
Between January 1987 and January 2010, 979 neonates underwent an ASO for TGA in our paediatric cardiac surgery department. Among them, 73 patients (7.5% of the whole cohort) had a single CA, in extenso, with only 1 single ostium arising from the aorta. Diagnosis was made with preoperative echocardiography and/or confirmed at surgery. The mean age and weight at operation were 9.3 ± 5.7 days (median: 8 days, range: 1-29 days) and 3.3 ± 0.5 kg (median: 3.3 kg, range: 1.9-4.8 kg), respectively. Preoperative patients' characteristics, associated intra-or extracardiac lesions and anatomic variations are reported in Table  1 . Patients were divided into 2 groups according to the surgical era (Group 1: 1990 to 2001; Group 2: 2002 to 2010). Coronary anatomy was based on the operative findings: right ostium with posterior loop of the left main CA was the most frequent pattern (63%), followed by left ostium with an anterior loop of the right CA (26%).
Surgical management
From 1987 to 2006, all surgeries were performed by the same surgeon. Since September 2006, 2 surgeons were involved. Our ASO surgical technique has been extensively reported previously [7, 8] . Briefly, ASO was performed with standard aortic and bicaval venous cannulation and normothermic cardiopulmonary bypass (CPB) (37 C) except for patients who needed an aortic arch repair (cerebral perfusion with moderate hypothermia). Cardioplegia was obtained by infusion of anterograde normothermic hyperkalemic blood in the aortic root and subsequently repeated every 10 min in the coronary ostia or sooner when myocardial activity resumed [9] . Ultrafiltration was used throughout CPB. The strategy for coronary transfer was based on the surgeon's experience and the coronary anatomy: the trap-door technique was used in order to slightly decrease the reimplanted coronary's rotation; in other cases, a simple incision or a button technique was performed ( Table 2 ). The trapdoor technique was preferentially used in the case of a posterior left CA loop to avoid any stretching [37 patients of 46 (80%)]. In case of an important aorto-pulmonary mismatch, as in the presence of an associated ventricular septal defect (VSD; with or without aortic arch obstruction), the button technique or a simple incision was performed in order to avoid extensive enlargement of the neo-aortic root. In patients with an anterior loop or double loops, a button or incision technique was preferentially used [22 of 25 patients (88%)].
Data collection and follow-up
For this retrospective monocentric study, we reviewed our Pediatric Cardiac Surgery database to identify the patients who required neonatal ASO for TGA and single CA. Paris V University Ethics Committee granted approval for health records review. The need for individual consent was waived due to the retrospective aspect of the study.
Eight patients (11%) died, while 2 patients (2.7%) were lost to follow-up, 1 and 10 years after ASO. The median follow-up was 9.8 ± 5.4 years (range: 1-20 years). The surviving patients had an annual examination by the referring cardiologist and 43 (66%) had a coronary evaluation by coronary angiography, multislice computed tomographic (CT) angiography and/or magnetic resonance imaging, routinely performed between their 5th to 6th birthday. In case a possible coronary malperfusion was suspected during follow-up, coronary evaluation was realized earlier.
Statistical analysis
Continuous data were tested for normality by the KolmogorovSmirnov statistic. The variables not following a normal distribution were expressed in terms of median and extremity range, and the normal variables were presented in terms of mean and standard deviation (SD). Since all deaths occurred within 20 months after ASO, the risk analysis for early and overall mortality was done using a logistic regression. The likelihood ratio test was used to assess significance of the variables tested and a backward stepwise procedure was applied with P < 0.05 used for retention in the final model. The COX proportional hazards regression model with a backward stepwise hierarchical procedure was used to adjust for possible confounding and identify variables independently associated with coronary events or reintervention. Variables with a P < 0.15 in the univariate analysis were included in the multivariate models. Overall survival and freedom from events were calculated using the Kaplan-Meier method with curves compared using the log-rank test. Data were analysed with SPSS Statistics (Version 17.0., SPSS Inc., Chicago, IL, USA) and XLStat Software (Version 2015. Addinsoft SARL, Paris, France). Table 3 summarizes the operative and postoperative data.
RESULTS
Operative and postoperative data
The mean CPB and cross-clamping times were 135 ± 22 min (range: 92-200 min) and 84 ± 21 min (range: 47-150 min), respectively. The 6 patients with associated aortic arch obstruction CONGENITAL required a median circulatory arrest with cerebral perfusion of 30 min (range: 20-35 min) for aortic arch repair. The trap-door technique was performed in 42 patients (57%), while the button technique or a simple incision was performed in 31 patients (43%) ( Table 2 ). Coronary revision has been necessary for 4 patients, 2 with a trap-door reimplantation and 2 with the button technique. A coronary ostium enlargement with an autologous pericardium patch was performed in all patients who required coronary revision in order to reduce the rotation and achieve an optimal take-off of the single CA. All 4 patients had a single right ostium with a posterior left CA loop and were in Group 1 (i.e. surgery before 2001). One patient necessitated an immediate second revision and coronary artery bypass using the internal mammary artery was required to ensure myocardial perfusion. Coronary angiography 2 months after surgery showed good coronary perfusion, but he died suddenly 4 months later. No autopsy was done to explain the sudden death, due to family restraints.
The median duration of mechanical ventilatory support was 3 days (8 h-31 days). Inotropic support was required in all patients. The mean intensive care unit stay was 6.8 ± 0.5 days (1-40 days).
The sternum was left opened in 16 patients (22%: 8 in Group 1; 8 in Group 2): 5 had concomitant aortic arch repair, 12 an associated VSD closure. The sternum was closed after a median delay of 3 days (range: 1-6 days). Of the 16 patients with delayed sternal closure, 10 had a single right ostium with a posterior left CA loop.
Mortality
Eight patients (11%) died at a median delay of 2 months (1 day-1.7 years) after ASO. Three patients (4%) died in the first month after ASO, before discharge from the hospital. Only one of the 8 patients who died was in Group 2. All related coronary deaths (6 of 8 patients) occurred within the first 6 months after ASO. Of the 3 early deaths, 2 occurred immediately after ASO due to coronary malperfusion. The third patient died 14 days after ASO from acute right ventricular failure due to an underestimated hypoplasia of both the right ventricle and tricuspid valve, associated with a severely hypoplastic aortic arch. Myocardial ischaemia was the main cause of late mortality (4 of 5 late deaths, the 5th patient died of accidental drowning at 20 months of age). Three patients had an ischaemic history in the immediate postoperative course (necessity of salvage bypass, ST changes in intensive care unit or myocardial infarction). One patient presented a sudden death and had no previous coronary events, but post-mortem examination revealed histopathological features of myocardial infarction.
Overall survival was 90.1% ± 1.9 at 1 year and 88.6% ± 3.8 at 2, 5, 10 and 15 years (Fig. 1) . Risk factors for mortality are represented in Table 4 . Associated aortic arch obstruction and VSD was found to be an independent risk factor for mortality [hazard ratio (HR) 11.3; 95% confidence interval (CI): 2-64,6; P = <0.01]. There was significant decrease in mortality after 2001: mortality was reduced by 10 times (HR 9.6; 95% CI: 1.13-81.2; P = 0.03).
Coronary events
Coronary events (coronary revision and/or coronary-related death) occurred in 8 patients (11%). Six patients died of coronary-related deaths, of which 2 had required immediate coronary revision after ASO. The remaining 2 patients who required immediate coronary revisions are still alive 19 and 20 years after ASO. For all except one coronary-related deaths, patients died within the first 3 postoperative months after ASO, and subsequently, before any coronary angiography evaluation. All 6 patients who died of coronary malperfusion had a single right ostium with a posterior left CA loop. Forty-three patients (66% of the survivors) had at least 1 coronary evaluation (11 patients had 2 coronary evaluations at a different period during follow-up): 22 coronary angiographies, 22 CT angiographies and 10 magnetic resonance imaging.
Coronary anatomy was abnormal in 3 patients. One patient needed an internal mammary to right coronary bypass immediately after ASO. At last angiography, the bypass was occluded with a patent right CA, but there was a severely depressed left ventricular function. This patient died 2 months later from low cardiac output. The other 2 patients with abnormal coronary angiography were clinically asymptomatic. One patient had an anterior repolarization disorder on electrocardiogram: coronary angiography found a skinny left anterior descending CA 36 months after ASO (single right ostium with a posterior left CA loop). The second patient had a multislice CT angiography 64 months after ASO that revealed a moderate stenosis (30%) of the single right ostium (anterior left CA loop). For these 2 patients, thallium myocardial perfusion imaging was realized and reported as normal.
Freedom from coronary events was 91.6 ± 3.3% at 1 year and 88.7 ± 3.8% at 2, 5, 10 and 15 years, respectively (Fig. 2) . Risk factors for coronary events are represented in Table 5 : the only independent risk factor was aortic cross-clamp time at ASO (HR = 1.003; 95% CI: 1.003-1.05; P = 0.02). Despite coronary events happened in 7 of 8 patients with right ostium and posterior left CA loop, this coronary pattern was not an independent risk factor (P = 0.27).
Late results
Late survival and functional status. The median follow-up was 9.8 ± 5.4 years (range: 1-20 years). All surviving patients were asymptomatic at last follow-up, with normal global and regional left ventricular function at last echocardiography.
Late reinterventions. Two patients (3% of the survivors) required 3 reinterventions: 2 reoperations and 1 percutaneous angioplasty. The first patient was reoperated 5 months after ASO for left ventricular tract obstruction and persistent VSD. Five years later, he required another reoperation for distension of the aortic root and a subsequent left ventricular obstruction. The second patient required percutaneous angioplasty for recoarctation 8 months after a single-step ASO with VSD closure and an aortic arch plasty.
Freedom from late reintervention at 1, 2, 5, 10 and 15 years was 98.4 ± 1.6%, 98.4 ± 1.6%, 98.4 ± 1.6%, 96.2 ± 2.7% and 96.2 ± 2.7%, respectively (Fig. 3) .
DISCUSSION
Mortality
In the few publications on outcome after ASO for TGA and single CA, mortality varies from 13 to 41% [2, 6, 10] . In this large cohort of 73 patients early mortality was 4% (vs 3.8% for the entire cohort of neonatal ASO), and overall mortality was 11% (8 of 73). The fine element analysis of the mortality rises up 3 key points:
i. Early and midterm mortality is directly correlated to coronary malperfusion and myocardial ischaemia (6 of 8 patients), although aortic arch obstruction and VSD were statistically identified as independent risk factors. ii. Overall mortality is almost exclusively seen in the first 6 months after surgery. This key point has an impact on the initial followup which has to be extremely aggressive in terms of coronary stenosis/occlusion diagnosis by echocardiography (indirect signs of ischaemia), CT angiography or coronarography. Since 2002, mortality after ASO for TGA and single CA was 2.6%, similar to mortality after ASO for TGA and standard coronary patterns. These results are similar to those of other authors published previously on smaller series, who also reported decrease of mortality and improvements of outcome in patients operated recently, although Shukla et al. included both single CA and separated CA originating from the same sinus [2, 6] . Improvement in survival probably results from the association of numerous factors: progresses in anaesthesia management of CPB, cardioplegia and re-animation, but increased surgical experience in ASO for TGA is definitely the only way to significantly have a positive impact on the results. Both surgeons had previously performed >200 ASO each. This cumulative experience by the surgeon and by the entire surgical team can offset the technical challenge of these specific coronary patterns.
Coronary events
Coronary events were reported in 8 patients (11%), including coronary-related deaths in 6 patients, and early surgical coronary artery revision in 4 patients (of whom 2 died). All coronary events occurred within the first 6 months after ASO. No coronary reintervention or reoperation were required in the 65 survivors. Once the acute postoperative period has passed, patients with repaired TGA and single CA do not seem to be at higher risk for coronary events. Like for any type of coronary pattern, the risk of ASO with single CA is almost exclusively linked to coronary malperfusion or occlusion. In case of doubt in CA reimplantation during surgery or need for CA revision, it is mandatory to be joined on the surgical field by the most experienced surgeon of the local team. It can probably offer the opportunity to address any 'already seen' coronary distorsion and avoid an expected adverse outcome in this situation. In the latest years, indications for early coronary angiography in case of suspicion of myocardial ischaemia have been expanded whatever the coronary pattern is.
Coronary anatomy: posterior loop, anterior loop
Abnormal CA anatomy, such as single CA or intramural CA, has widely been reported as a risk factor for early and late coronary events and death in patients undergoing ASO for TGA [1-4, 7, 11, 12] . In their meta-analysis of 1942 TGA patients, Pasquali et al. found that any variant in coronary pattern would nearly double the mortality seen in those with the usual pattern (OR 1.7; 95% CI: 1.3-2.4) [11] . Wernowsky et al. reported single right CA as a risk factor for death, whereas Blume et al. contradict these findings and only report single right CA as risk for increased incidence of delayed sternal closure and longer mechanical ventilation [1, 5] . In their recent cohort of 400 patients, Khairy et al. reported that a single right CA increased by 5 times the risk of adverse cardiovascular events (HR: 5.12; 95% CI: 1.50-17.50; P = 0.0092) [13] .
In our study, although 7 of the 8 patients with coronary events had a single right ostium with a posterior left CA loop, coronary anatomy or surgical technique used for coronary transfer were not identified as predictive factors for coronary events. Even though posterior loop was not statistically identified as a predictive factor for coronary events, we are deeply convinced that this specific subtype of single CA is more difficult to address than an anterior loop. In posterior loop, it is particularly tough to assess the quality of the reimplantation which is located laterally and posteriorly to the aorta: any attempt to visualize this reimplanted coronary by pulling on the aorta fully changes the 3D orientation of the CA itself. This is not the case in single left CA with anterior loop, which is perfectly examined on a beating heart. Different surgical techniques have been described to avoid tension, torsion or kinking of the single CA [14] [15] [16] . In this series, the surgical technique used for coronary transfer was not identified as a predictive factor for coronary events. In case of a single right ostium with posterior loop, we preferentially realized a "trap-door" technique in the absence of aorto-pulmonary mismatch, but we are convinced that none of the surgical technique is superior to another (trap-door, button technique simple incision). In other words, any surgical technique can achieve optimal reimplantation in any anatomic feature (coronary pattern, presence of aorto-pulmonary mismatch, infrequent aorto-pulmonary relationship and commissural malalignement). The surgeon's experience is what matters the most, and this experience is the result of a continuous confrontation to different variable situations.
Coronary monitoring
We reported that coronary events are prone to occur early after ASO, mainly in the immediate postoperative period. Thus, when coronary transfer has been challenging or when impaired myocardial perfusion is suspected, immediate coronary imaging should be performed right after repair. If the initial postoperative period is critical, we advocate the realization of an invasive angiography to get perfect images and be able to treat any stenosis that could not be managed by surgery. Multislice CT angiography might be a valuable option for neonates to avoid catheterization complications [17] .
A coronary monitoring by coronary angiography, CT angiography or magnetic resonance imaging has been realized in more than 2 of 3 of the survivors, mainly as late systematic controls in asymptomatic patients before primary school (5 or 6 years of age). Coronary lesions were discovered in 2 asymptomatic patients and led to the control cardiac perfusion by myocardial scintigraphy. As the results of this imaging were normal, no medical, interventional or surgical treatment was required. We can wonder on the rationale to realize systematic coronary monitoring, as the majority of the patients had normal imaging but coronary artery lesions were discovered in 2 patients who remained symptom free or should it only be realized when the patients reports symptoms or if repolarization abnormalities are seen on electrocardiogram control [18, 19] . 
Reinterventions
There were 4 early reoperations: 3 patients required 1 immediate reoperation for coronary artery revision, and 1 patient 2 revisions, the second one leading to coronary artery bypass using the internal mammary artery. Two of these 4 patients died of myocardial ischaemia. Revision of CA anastomosis had been reported to be a risk factor for mortality in previous studies [5, 6] . In our study, coronary artery revision was not statistically found to be a risk factor for early, late or overall mortality (P = 0.2, P = 1, and P = 0.3, respectively), probably because the studied cohort is extremely limited. It is obvious that in case of coronary revision, the early and midterm risk for myocardial ischaemia is severely increased.
There were 2 late reinterventions: 2 reoperations for left ventricular tract obstruction in the same patient and 1 angioplasty for recurrent coarctation. None of the survivors required coronary reinterventions, whether surgical or interventional by angioplasty and/or stenting. This is concordant with recent publications on large ASO cohorts, which report that late reoperations are hardly ever related to coronary lesions [13, 20] .
CONCLUSION
In this historical cohort, early mortality was 4% and overall mortality was 11%, mainly due to coronary-related death, which all occurred within the first 6 months after ASO. Overall, survival and freedom from coronary events at 15 years were 88.6% and 88.7%, respectively. The risk of death has been 10 times reduced after 2001 and is now close to standard coronary patterns. We do think that the technical challenge represented by the single CA can be offset by the cumulative experience of a surgeon. This experience can probably be transferred to younger surgeons. Clearly, a preoperative diagnosis of the single CA will allow an ideal planification of the surgical team to erase any incremental risk factor.
Because none of the 65 survivors required late reinterventions for coronary lesion, this subgroup of TGA patients probably does not require a specific CA follow-up 6 months after ASO.
In our experience, it appears that a single CA is not any more a risk factor for early and late mortality after ASO for TGA. Moreover, it does not seem to represent an increased risk for coronary artery lesion at long term.
